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SYNOPSIS: The paper presents a case study of landslides associated with the 1983 Popayan earthquake 
in Colombia. It includes a systematic parametric study of the effect of earthquake characteristics and 
soil properties on slope behavior. Earthquake induced slope displacements are computed based on the 
sliding block concept. Computed results from two and three-dimensional analyses are compared with 
field observations. Conclusions are drawn in regard to the adequacy of analysis procedures, validity 
of slope deformation-critical acceleration curves, and effect of vertical acceleration on slope 
stability. 
INTRODUCTION 
Earthquake effects on slope stability are a 
major concern in seismically active regions such 
as most of the Colombian terr:i tory. The most 
common hazards of these slides are the damming of 
creeks and rivers, cutoff of roads, and damage to 
lifelines (Rodriguez, 1986). The paper presents a 
case study of a landslide that occurred after the 
earthquake of March 31, 1983, near the city of 
Popayan in the south-western part of Colombia 
(Figure 1). Landslide mechanism, soil properties, 
and earthquake characteristics are discussed. 
Slope stability results from several analytical 
methods are subsequently presented and discussed. 
Some of the key parameters previously used by 
Rodriguez (1987) have been reevaluated for this 
analysis and special attention has been given to 
the effect of the vertical acceleration component 
on slope stability and displacements. 
THE POPAYAN EARTHQUAKE OF MARCH 31,1983. 
On March 31, 1983, the city of Popayan and its 
surroundings were shaken by a Mb=5.5 earthquake, 
with 0epicenter located 4 km from the city, at 2. 461 latitude North and 76. 686° longitude West, 
and hypocentral depth of 12 km, INGEOMINAS 
(1986). No acceleration records are available for 
this. However, a mobile array of seismographs was 
installed in the zone shortly after the 
earthquake to monitor aftershocks. From the 
analysis of the available aftershock data it was 
estim1ted that the area of rupture was a plane of 
35 km , 9 by 3 km in horizontal projection and 
between 2 and 12 km in dept~f The seismic moment 
was computed as Mo=3.5x10 dyne-cm, with an 
average, mainly vertical, displacement of 40 cm. 
The source mechanism of this earthquake is 
related to the activity of the Rosas-Julumito 
Fault. This is a normal fault with nearly 
vertical dip, part of the great Romera! Fault 
System in Colombia. Figure 1 shows an schematic 
plan view of the tectonics in the region, and the 
epicentral location of the earthquake. 
Popayan suffered large damage due to the 
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earthquake. The Modified Mercalli (MM) intensity 
in the epicentral area was VII, and in the city 
it varied between VI and IX. The differences due 
mainly to the effect of topography and local 
soil deposits. Structural damage was wide 
spread . In addition, many landslides and cracks 
in the region were reported. Based on eyewitness 
reports and damage evaluation it was estimated 
that the duration of the shaking was between 15 
and 18 seconds with a maximum horizontal 
acceleration of 0. 20 to 0. 30 g. It was also 
evident that the motion had short and very 
strong vertical spikes, perhaps of the order of 
1.0 g. The area affected by MM intensity of IV 
or larger was limited to about 45x25 km, 
indicative of a localized seismic event. This 
earthquake characteristics are typical to other 
events in Central and South America such as the 
1986 El Salvador earthquake (Linares, 1986). 
THE ALTO CAUCA LANDSLIDES 
The slide described in this paper is located 
in Alto Cauca, 3 km north-east of Popayan, and 
4 km from the earthquake epicenter, in the zone 
of maximum intensity. · 
In the Alto Cauca site the Cauca river has 
eroded a sequence of upper pleistocene deposits 
of hydrovolcanic flows and weathered volcanic 
ash. The landslide zone strata consists of a 
sequence of soils overlaying a deposit of 
strongly cemented igneous extrusive deposits 
(ignimbrite). The river has excavated a flat 
bottom narrow valley in a slightly undulated 
terrain through the soils down to the ignimbri te 
level, which, locally, controls the valley 
bottom and the river level. This topographic 
condition was used to construct a canal to 
carry water for a small hydroelectric power 
plant located in the bottom of the valley, 175 
m downstream of the landslide, where the slope 
height reaches 45 m. The concrete-lined canal 
had been constructed in the upper third part of 
the slope, through the zone where the earthquake 
induced landslide occurred. Figure 2 shows the 
region, the remnants of the landslide, and to 






Figure 1 - General Location 
the left, the power house of the hydroele~tric 
plant, as well as buildings located behind the 
slope crest. 
After the earthquake some cracks were observed 
along the slope crest. These cracks extended from 
the power plant area to the failure zone shown in 
Figure 2, where slope height varied from 45 to 35 
m, respectively. In the same zone, small cracks 
were observed in the asphalt sealed joints of the 
canal's concrete lining. Although the plant was 
not operating at the time of the earthquake, the 
channel was full of water. On April 10, 1983, ten 
days after the earthquake, the slope abruptly 
failed. The failure involved some 25,000 m of 
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Figure 2- General View Of The Landslide Area 
soil. 55 m of the c9annel were destroyed and 
approximately 3,000 m of water were discharged 
from the broken channel into the slide. The 
soils became highly remolded and formed a flow 
of mud and debris which extended for a long 
distance from its original position, as shown in 
Figure 2. The landslide threatened the power 
station as well as the buildings in the upper 
part of the slope. 
The landslide occurred after three rainy days 
with an accumulative total precipitation of 81 
mm. Tpe precipitation data for the four weeks 
before the earthquake indicate above average 
values, but still below the median values for 
the rainiest November-December period. This 
indicates that at the time of the earthquake, 
the ground water table was relatively high, 
probably between mean and maximum normal annual 
levels, and most of the volcanic ash was 
probably saturated. In this zone the soil 
deposits above the ignimbrite act as an 
unconfined aquifer~ with small spring like 
outlets along the ignimbrite interface at the 
bottom of the slope. 
On December 4·, 198 3, another landslide with 
similar characteristics occurred in the same 
side of the valley, 50 m to the north of the 
slide of April 1-0 (Figure 2). The total 
precipitation during the previous 7 days was 168 
mm, the highest since the earthquake, but within 
the normal range of precipitation for this time 
of the year. At that time the groundwater table 
was rising and, probably was again at a similar 
level as during the first landslide, for the 
first time after the earthquake. This second 
landslide destroyed 403m of channel and involved approximately 8, 000 m of soil which formed a 
debris flow reaching a re la ti vely large distance 
from the slope similar to the first slide; 
al though in this case there were no water 
flowing from the channel. Figure 3 shows typical 
cross sections of the two landslides. 
GEOTECHNICAL INVESTIGATION 
During the months following the earthquake 
several geotechnical studies were conducted in 
the Popayan region in order to asses the effects 
of different local subsoil conditions on the 
earthquake strong motion as reported by Espinosa 
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Figure 3 - Alto Cauca Landslides of 1983 
(1985) and INGEOMINAS (1986). The Alto Cauca 
landslides were studied in order to design 
remedial and protection measures for the highway 
and several structures in this zone (IGL, 1983 
and 1984). The geotechnical exploration included 
nine borings in the slope between the power 
station and the April 10 landslide, and six in 
the zone of the December 4 Landslide. 
The slope failure occurred within the 
decomposed volcanic ash and along the contact 
with the ignimbri te. The volcanic ash deposits 
are clayey and sandy silts classified as ML or MH 
according to the uses. They are yellowish in 
color, with low bulk density and high 
sensitivity. These soils are highly porous and 
slightly cemented. The cementation provides 
relatively high peak strength. However, when 
deformed, the soil structure is lost and, the 
remolded soil has a very low strength. This 
property was evident in laboratory tests and in 
the failure mechanism observed on site. 
The. scarp of the landslide were close to 
vertical. The volcanic ash tend to degrade by 
formation of vertical cracks followed by 
separation and toppling of thin vertical slabs. 
This be~avior is related to the soil structure 
and its formation process. Generally, such 
processes tend to form anisotropic soils, weaker 
in the vertical orientation . Although this aspect 
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of the soil behavior was not investigated in the 
laboratory, it was considered in the 
computations. 
The range of soil properties of the volcanic 
ash is shown in Table 1. Shear strength was 
evaluated under static and dynamic conditions 
from results of in-situ vane shear and 
laboratory triaxial compression tests ( TCT). The 
TCT' s included standard CU and "rapid" UU tests, 
with pore water pressure measurements, conducted 
on undisturbed shelby tube samples obtained from 
borings drilled after the earthquake, behind the 
slope crest of the slides. 
Results from the CU and rapid UU tests, were 
used to obtain effective and total shear 
strength parameters. Additional CU TCT's were 
conducted on remolded samples. Mohr-Coulomb 
failure envelops based on these test results are 
shown in Figure 4. As shown in Table 1, 
effective shear strength results from the CU 
tests of undisturbed samples indicate some 
cementation. The significant effects of 
remolding are shown by the differences in test 
results between the undisturbed and remolded 
samples. 
For the rapid UU tests, the loading was 
applied at a rate of 1 cm/sec. Test result may 
be considered as representative for soil 
strength under one load cycle and an upper limit 
estimate of dynamic soil strength (Ishihara, 
Table 1 - Range of Properties of the Decomposed Volcanic Ash 
INDEX PROPERTIESi 
Natural Undrained 
Bulk Specific Liquid Plastic Water Shear 
Weig~f Gravity Limit Limit Content Strength 
kN/m ( 2) ( % ) ( %) ( % ) Sensitivity (kPa) 
( 1) ( 3) ( 4) ( 5) ( 6) ( 7) 
2.55-2.61 40-106 15-140 70-110 ~lo 74 
12-15 Average 
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Notes: i) Summary of index properties measured for samples of decomposed volcanic asb from 
several borings in the Alto Cauca landslides. 
ii) Results in (10) and (11) are from remolded samples. All other tests conducted on 
undisturbed samples taken after the earthquake. 
iii) Results in (14) and (15) obtained for 4 to 9 load cycles. 
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Figure 4 - Shear Stress Parameters 
1981). Results of cyclic triaxial tests reported 
by Espinosa ( 1985) were also incorporated in 
Figure 4. These tests were conducted with 
undisturbed shelby tube samples obtained from 
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borings in Popayan. Physical properties and 
origin of these soils are similar to those in 
the Alto Cauca area. The shear strength 
parameters for the envelops shown in Figure 4 
were obtained for 4 and 9 load cycles at 3% 
strain, in order to take into account the 
probable range of equivalent cycles and strains 
during the earthquake. 
The additional failure envelope shown in Figure 
4 is based on results reported by Ishihara (1983) 
where a similar type soil was studied. As shown 
in the figure, the results obtained by Ishihara 
( 1983) correlate well with the range between 4 
and 9 loading cycles obtained for the volcanic 
ash of the Alto Cauca landslide. 
SLOPE STABILITY ANALYSIS 
Results from the geotechnical investigation of 
the landslides, as previously described, 
indicated that both failures (April 10 and 
December 4, 1983) were related to the increase 
of pore water pressures after several rainy days. 
However, ground water conditions in both cases 
w.ere within the normal annual range. Therefore, 
it is most likely that the failures occurred due 
to a permanent reduction in shear strength of the 
slopes induced by the earthquake effects. The 
earthquake shaking may have induced pore water 
pressure buildup and some deformations. Based on 
soil permeability, drainage conditions of the 
slopes, and the short duration of the earthquake, 
the excess pore water pressure induced by the 
earthquake had dissipated long before the first 
slide (which occurred ten days after the 
earthquake) and, obviously, had no effect on the 
second one. In view of this reasoning, the main 
effect of the earthquake was in shear strength 
reduction of the volcanic ash soils due to 
deformation. 
The analysis was conducted in order to evaluate 
slope stability before, during and after the 
earthquake based on available soil data. First, 
the static slope stability was examined, without 
any earthquake effects, using an effective stress 
analysis with the static 'strength parameters and 
considering possible variations of the water 
level. Then, a pseudos ta tic analysis was 
conducted with both vertical and horizontal 
~arthquake coefficients to compute the 
acceleration levels required for a factor of 
safety of one during dynamic loading. A kinematic 
analysis was performed to estimate earthquake 
induced slope displacements using the sliding 
block concept proposed by Newmark (1965) based on 
the method suggested by Makdisi and Seed (1987). 
The results of these analysis were used to 
evaluate the slope behavior during the 
earthquake. Finally a static post-earthquake 
back-analysis was conducted in order to determine 
the soil strength parameters of the slope at the 
time of failure, considering the effect of cracks 
and fissures and the change in groundwater 
conditions due to the rainfall. The results of 
this analysis were compared to the actual 
behavior of the slope and earthquake effect on 
soil strength was evaluated. 
The program CLARA (Hun gr, 1988) was used for 
' the static and pseudo-static slope stability 
analysis. These included two and three-
dimensional (2D and 3D) analysis using the 
simplified Bishop method for circular or user-
defined failure surfaces. It was also used to 
explore the effect of the possible anisotropic 
pehavior of the volcanic ash on slope stability. 
The program UNCJAN based on Janbu's generalized 
2D slope stability method was also used. 
Generally a slope may be analyzed in plane · 
strain if the cross-sections are relatively 
uniform as was the case with this landslide. 
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However, as shown in Figure 3, the aspect ratio 
of the landslide (its depth relatively to its 
length and height) indicated possible three 
dimensional effects. Several computations were 
carried out to evaluate this effect. 
Static analysis 
A summary of safety factor (FS) results 
obtained from the static analysis under 
different conditions is rresented in Table 2. A 
friction angle of 30 was used for the 
hydrovolcanic flow deposit for all cases. 
Representative FS values for 2D and 3D static 
slope stability analysis, computed by using 
CLARA, are shown in Table 2. These results 
indicate that, in this case, 3D effects were 
negligible (less than 1%). This result is, most 
likely, a consequence of the actual slide 
mechanism which resulted in almost uniform 
transverse cross-section with near vertical, 
straight flanks. 
Based on field observations it is estimated 
that the vertical cohesion component of the 
volcanic ash may be lower than the horizontal. 
Considering a vertical cohesion of 30% of the 
horizontal cohesion, the results in Table 2 show 
that this effect results in 10 to 15% reduction 
of computed FS values for the critical and 
actual failure surfaces, respectively. From the 
computed FS values shown in Table 2, the minimum 
static FS prior to the earthquake had varied 
between 1 . 4 and 1 . 6 , depending on the ground 
water table conditions. It is concluded that the 
slope was stable before the earthquake, which is 
consistent with the observations. 
Pseudo-static analysis 
Pseudo-static slope stability analyses were 
conducted in order to estimate the critical 
acceleration of the slope. The effect of 
possible variations of dynamic shear strength of 
the volcanic ash was investigated including 
anisotropy (reduction of vertical cohesion). 
Both vertical and horizontal components of the 
inertial force were considered in the analyses. 
As shown in Table 3, critical acceleration 
values, Ac, were obtained for the parametric 
range of properties of the volcanic ash. A 
dynamic friction angle of 16° was used in all 
cases. 
The results indicate a strong effect of the 
vertical acceleration. Ac values are reduced by 
as much as 30% for vertical acceleration of 
0. 3g. Figure 5 shows the effect of Av on the 
computed FS for this slope using one set of 
shear strength parameters. As shown in the 
figure, an Av increase from O to 0.3 results in 
a safety factor reduction of only 7%, whereas 
the Ac value is significantly reduced (for 
FS=l.O). It was found that the effect of Av on 
FS is influenced by the cohesion and frictional 
strength of the soil. For this particular 
earthquake, Av was estimated nearly equal to Ah 
at the site. Therefore, based on soil 
parameters, it is estimated that, for kinematic 
analysis, the critical acceleration for this 
slope was in the range of 0.10 to 0.15g. 
Kinematic analysis 
The procedure proposed by Makdisi and Seed 
( 1977), based on the sliding block concept 













Table 2 - Static Factors of Safety Before the Earthquake. 
Strength parameters for the Computed critical 
volcanic ash Actual failure surf ace failure surf ace 
Cv' Ch' cf (kPa) (kPa) (Deg.) 2D 3D 2D 
( 2) ( 3) ( 4) ( 5) ( 6) (7) 
35 35 30 1. 68-1. 94 1. 69-1. 95 1. 40-1. 62 
35 35 30 1. 55-1. 78 
10 30 30 1. 42-1. 64 1. 44-1. 66 1. 25-1. 46 
In (1), Bishop analysis results were obtained using CLARA. The generalized procedure 
of slices was used to compute Janbu results . 
In (2) and (3) Cv' and Ch' are the values of cohesion in vertical and horizontal 
planes respectively. 
2D and 3D in (5),(6),(7) indicate two dimensional and three dimensional 
representations of the slide respectively. 
The range of factor of safety indicated in each case correspond to the maximum and 
averagr groundwater table elevation, respectively. 
A •=30 was used for the hydrovolcanic flow deposit in all cases. 
Clough (1983) have reported on the effects of 
these factors on the response of cemented soils 
in steep slopes. They have concluded that motion 
amplification in the slope is strongly dependent 
on the period ratio (defined as the ratio of the 
natural period of the deposit to the dominant 
period of the input motion). The natural period, 
Ts, for an homogeneous soil deposit can be 
estimated as a function of the shear modulus, G, 
the thickness of the deposit, D, and the 
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Figure 5- Effect of Ah on FS 
earthquake induced deformations of the slope. 
The actual acceleration of the sliding mass 
depends on the dynamic response of the slope. 
This response is affected by slope geometry and 
dimensions, soil properties, and characteristics 
of the earthquake ground motions. Sitar and 
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A shear modulus of 17,500 kPa at 0.1% strain 
was obtained for this volcanic ash based on 
cyclic triaxial tests results reported by 
INGEOMINAS (1986), and the natural period for 
the Alto Cauca soil deposit is estimated at 1.0 
sec. The 1986 El Saivador earthquake (Linares, 
1986) is considered to be representative for the 
evaluation of the dominant period of the Popayan 
earthquake. Based on that record, a dominant 
period of O. 35 sec was obtained. The period 
ratio in this case was then approximately 2 , 85. 
For this period ratio and small deformations, 
there was no significant amplification or 
attenuation in the slope with respect to the 
base rock motion. 
The San Salvador acceleration record was also 
used to compute permanent displacements with the 
Newmark Method. Figure 6 show critical 
acceleration-displacement curves for this and 
several other records (Wilson, 1984). ~esults 
from the pseudo-static analysis, previously 
described, indicate that the critical 
acceleration for this slope was between O . 10 and 
0.15 g . As shown in Figure 6, for that critical 
acceleration range, the permanent displacement 
for the Alto Cauca landslide was not more than 
1.0 cm. This result agrees well with deformation 
Table 3 - Summary of Results for Pseudostatic Analysis 
Method of Type of Parameters Critical 
Analysis Analysis Acceleration 
(1) (2) Av Ch Cv (%g) 
(%g) (kPa) (kPa) ( 6) 
( 3) ( 4) ( 5) 
Jan bu 2Df 0 50 50 16.5 
Bishop 3Df 0 50 50 25 
2Df 0 50 25 22 
2Dc 0 50 50 20 
2Dc 30 50 50 14.5 
2Dc 0 50 25 16.5 
2Dc 30 50 25 11. 5 
2Dc 0 50 10 4.5 
2Dc 30 50 10 3.5 
Notes: i) Type of analysis (2): 
2Df Two dimensional for the actual failure surf ace 
2Dc : Two dimensional for the computed critical failure surface 
3Df : Three dimensional for the actual failure surface. 
ii) In (4) and (5) Ch and Cv are the cohesio~ components of soil strength for vertical 
and hofizontal planes respectively. +=16 was used in all cases. 








i 10 s 
f 
a 
c · 1 
e EARTHQUAKE RECORD m 1 Bucarainanga 
e Modified 
n 0.1 El Salvador t El Centro 
Parkfield 
c Pacol ma 
m 
0.01 
0.01 · 0.1 1 
CriUcal AcceleraUon (g) 
Figure 6 - Critical Acceleration Chart 
magnitude and crack openings observed at the top 
of the slope after the earthquake. Based on 
observed and computed permanent deformations it 
is concluded that, even though the earthquake 
caused some fissures, it did not induce the 
failure of the slope. However, these deformations 
permanentfy reduced soil strength weakening the 
slope. The extent of the strength reduction was 
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computed based on the condition of the slope at 
the time of the failure. 
Post earthquake stability 
Strength parameters for the post earthquake 
conditions at the time of the failure were 
computed for FS=l. For this static analysis it 
was assumed the frictional resistance of the 
volcanic ash and the hydrovolcanic deposit was 
not affected. Results show that, due to the 
earthquake aud the change in water table, the 
average cohesion must have been reduced from its 
initial value of 35 kPa to 12.5 kPa. Additional 
analysis was conducted to study the effects of 
soil anisotropy. The results show reduced 
cohesion values of 5 and 15 kPa, for the 
vertical and h.orizontal planes at failure, 
respectively. 
CONCLUSIONS 
Several simple models and procedures were 
utilized to study landslides associated with the 
Popayan earthquake of March 31, 1983. The 
analyses included 2D and 3D static and pseudo-
static limit equilibrium, and kinematic 
analysis. Safety factor results of pre-
earthquake conditions, and earthquake induced 
slope deformations computed by the Newmark 
method, are in good agreement with the observed 
behavior of the slope. 
Soil strength parameters were also computed 
for the failure conditions (with FS=l). These 
results show that earthquake induced 
deformations produced a permanent 65% loss of 
the cohesion in the decomposed volcanic ash. 
This significant strength reduction occurred in 
spite of the relatively small deformations and 
crack openings. This points out to the 
sensitivity of this type soils, which was also 
evident in the behavior of these landslides 
where the failed soil masses degraded into debris 
flows extending far away from the landslide. 
Field observation of landslide mechanism and 
scar shapes, indicate that the cohesive strength 
of decomposed volcanic ash is lower in vertical 
planes. The potential effects of this anisotropy 
on computed safety factors was evaluated. It was 
concluded that such anisotropy may only have a 
marginal effect on slope stability. However, it 
may influence the shape of the failure surface 
and favor the development of tension cracks and 
failure in the form of near vertical slabs. 
In the Alto Cauca region, the vertical 
acceleration component of the Popayan earthquake 
was very high due to the shallow focal depth and 
the closeness of the site to the epicenter. 
Results of this study show that vertical 
acceleration components may have a significant 
effect on the critical acceleration of slopes, 
and should be considered in the seismic slope 
stability analyses of similar cases. 
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